Thermocouples are often used for temperature measurements in heat exchangers. However if the radiation losses from a thermocouple in a high temperature gas flow to colder surroundings are ignored significant errors can occur. Even at moderate temperature differences, these can be significant. Prediction of radiation losses from theory can be problematic, especially in situations where there are large variations in the measured temperatures as the emissivity and radiative heat transfer coefficient of the thermocouple are not constant. The following approach combines experimental results with established empirical relationships to estimate losses due to radiation in an annular heat exchanger at temperatures up to 950°C.
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temperature measurements from thermocouples with those of a fibre Bragg grating sensor. Additionally they noted that the choice of correction method is a balance of several factors including operating environment, robustness (of the thermocouple), complexity, and cost, amongst other factors. Furthermore, as Bradley and Matthews (8) note, the Reynolds number over the surface of the thermocouples also affects the convective heat transfer coefficient. In this experiment employing several thermocouples at the same time was impractical due to the design of the test rig and the variable flow conditions inside the tube. It was therefore decided to undertake a calibration exercise in order to develop a mathematical expression for compensation using two thermocouples of different diameter. Tagawa and Ohta (9) , investigating temperature measurement in combustion using a two thermocouple probe, point out the necessity to have a large enough difference in size to generate a sufficient difference in response.
The present programme employed a 0.75 mm bead thermocouple, to be used as reference, supplied by the University of Oxford, via Rolls Royce plc. This was a K type thermocouple of similar initial construction to the Endress and Hauser unit. However, the end of the sheath had been machined off and the junction re-welded resulting in a thermocouple with a small bead.
Test Equipment
Heat Exchanger Description
The test rig consisted of an annular parallel flow heat exchanger. A drawing of the test rig is shown in Figure 1 (extraneous features omitted) and the legend in Table 1 . The inner tube was a 44.3 mm bore tube with a 3.2 mm wall standard boiler tube. This was jacketed by a section of 200 mm nominal bore pipe to form the annulus. Hot exhaust gases flowed through the tube and water through the annular space. The working length was 2.905 m. 
The Gas Side Circuit
The exhaust gases were generated by a Nuway CL372H/L burner firing light fuel oil (35 second) into a refractory lined furnace. They were then drawn through the heat exchanger by a centrifugal fan located as the last element in the circuit prior to atmospheric exhaust. The mass flow rate through the rig was controlled using a gate valve and measured by a calibrated orifice plate. The gate valve and orifice plate were mounted downstream of the test rig working section.
The Water Side Circuit
Hot water at approximately 80°C was taken from the boilerhouse hotwell. The water temperature within the hotwell was maintained by a Spirax Sarco SA128 steam injector. It was pumped through the rig using a Grundfos CR2 positive displacement pump and returned to the tank. The water circuit was designed and sized to limit the temperature rise of the water through the rig to <10°C. The pump circulated approximately 2,000kg/hr of water. The mass of water in the hotwell was sufficient to absorb the added heat from the test rig without affecting the control of the steam injector.
Instrumentation:
The gas temperatures at inlet and outlet of the heat exchanger working section were measured using the previously described K-type thermocouples. These were mounted in the centre of the tube.
The thermocouples measuring the boiler tube wall temperature were mounted externally (on the water side) of the tube using Johnson Matthey Silverflo 55 silver solder. Three thermocouples were mounted at each end of the test length, two at 60° to the vertical and one at the bottom. They were mounted in the same plane as the gas thermocouples. The arrangement is shown in Figure 2 . The inlet and outlet temperatures of the water were also measured using K-type thermocouples. All thermocouples were read using a Kane May KM330 digitally compensated reader. The mass flow rate of the exhaust gases was measured using a calibrated corner tapped orifice plate manufactured in accordance with BS EN ISO 5167-2:2003 (10) coupled to an Endress and Hauser Deltabar PMD235 differential pressure cell ranged 0-100mbar. The gas temperature was measured just upstream and downstream of the orifice plate using sheathed K-type thermocouples mounted in the centre of the flow path. The average temperature was used in the density calculation. The orifice plate and housing were heavily insulated to minimise heat loss and therefore radiation losses between the thermocouples and the wall were neglected. The upstream absolute pressure was measured from the corner tapping using an Endress and Hauser Cerabar M pressure transmitter.
Modification for the Experiment
The rig was modified by replacing the sheathed thermocouple measuring the exhaust gas temperature at the entrance of the rig with the unsheathed one supplied by the University of Oxford. The two thermocouples measuring the exhaust gas temperatures (at inlet and outlet) were connected to an existing Iconics / Endress + Hauser SCADA package with a data collection rate of one second.
Test Method
The test rig was preset such that the mass flow rate of exhaust gas through the rig was relatively high (set to 50 kg/hr at an inlet temperature of 700°C) and the oxygen content at 4.0-4.5%. No settings were altered on the rig throughout the duration of the tests. This was to ensure as far as possible that the flow conditions at any given temperature would be the same for each test run. The same sheathed thermocouple was used to measure the exit temperature in both runs and was not moved between runs. The unsheathed thermocouple was used to measure the entry temperature for the first run.
The burner was fired and the data collection started. The rig was then left untouched until near steady state conditions were attained. The burner was then switched off and air drawn through the furnace and the rig. The temperature data were collected when the burner was firing and also when air was drawn through the rig. The test was then repeated but with the unsheathed thermocouple at entry replaced by a sheathed unit.
Results.
The test duration was slightly over three hours in both cases. The time plots (Figures 3 & 4) demonstrate a very similar profile for both test runs with a very rapid rise in temperature at the start of the test which then slowed to zero as the rig approached steady state. At this point the burner was switched off and a very rapid fall in temperature followed. This rate of change then reduced as the furnace was cooled by the air being drawn through it. Both thermocouples indicated the same temperature, 80°C, as the water jacket prior to the furnace being fired. The unsheathed thermocouple was more responsive to changes in temperature than the sheathed thermocouple. To avoid results being unduly affected by lag, all data below 530°C were removed prior to processing on the heating part of the curve and all data above 600°C on the cooling part. Some lag effects are still evident on the first test run (unsheathed thermocouple) in the range 500-600°C. However, it was considered more consistent to draw the comparison based on data sets of the same range. The exhaust gas entry versus exit temperature was plotted for each data set and a polynomial curve was fitted to each data set. These are shown in Figures 5 & 6 . The data were normalised to the wall temperature, 80°C at which point the radiation losses were taken as zero. A second order polynomial equation was found to be the best fit to both data sets. By comparing the inlet temperatures of the sheathed and unsheathed thermocouples for a given exit temperature, an initial estimate of the radiation losses may be determined (Table 2 ). Plotting the difference between the two regression lines as a function of the inlet temperature indicated by the sheathed thermocouple, yields a further curve from which the losses may be determined as a function of the inlet temperature as measured by the sheathed thermocouple. This is shown in Figure 7 . 
Losses from the Unsheathed Thermocouple
The above represents a simplistic estimation of the radiative loss by comparison only. The unsheathed thermocouple also suffered losses and these can be estimated using standard theory. The convection-radiation energy balance for a thermocouple may be stated as follows:
By rearranging Equation 1, it can be seen that the energy balance for both cases may be directly compared, Equation 2. Thus the total losses from the sheathed thermocouple are the sum of the difference between the measured temperatures of the sheathed and unsheathed thermocouples and the additional loss from the unsheathed thermocouple.
The convective heat transfer coefficient for the unsheathed thermocouple can be estimated using Whitaker's (11) correlation for the Nusselt number for gases and liquids flowing past spheres, as the bead of the unsheathed thermocouple closely resembled a sphere. Hence, the hydraulic diameter of the unsheathed thermocouple was taken as the diameter of the thermocouple bead. Whitaker's correlation was also used by Brohez et al. (6) in their study of radiation losses from thermocouples in the same manner.
As the temperature difference between the stream and the wall of the thermocouple is small the viscosity term tends to unity and is neglected in the calculations.
Using Equation 3, with the thermophysical properties of the exhaust gas calculated at the temperatures in Table 2 , the local heat transfer coefficient for the unsheathed thermocouple can be determined. Combining this with an emissivity of 0.8 the additional temperature loss for the unsheathed thermocouple can be calculated using Equation 1. The value of the M A N U S C R I P T
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No data were available for the local heat transfer coefficients with respect to sheathed thermocouples, either from the literature or from the manufacturer. However it was possible to estimate the effect of changes in the mass flow rate via consideration of the ratio of the emissivity and local heat transfer coefficient over the thermocouple (which were both unknown) in conjunction with Equation 2. This ratio was calculated by determination of the true gas temperature using the results from the unsheathed thermocouple (with its radiation losses accounted for via Whittaker's (11) approximation. From this the effect of the change in the local Reynolds number over the sheathed thermocouple may be isolated and estimated. Figure 8 plots the local heat transfer coefficient as a function of the local tube Reynolds number with a notional emissivity of 0.6. The data were taken from the test results for the same 0.0443m internal diameter tube that this test was conducted on. The curves represent the measured temperatures, i.e. before adjustment for losses. As can be seen, the coefficients vary as a function of temperature. In order to normalise the curves, the value of the emissivity was altered to account for its change with temperature. Once the emissivity of the sheathed thermocouple has been changed in this way, the data collapse onto a single curve. The results of this are shown in Figure 9 and the emissivities in Table 4 . Whilst this exercise was performed for the sheathed thermocouple, it was not for the unsheathed. The change in emissivity of the sheathed thermocouple is less than ±5% of the middle value. If replicated on the unsheathed thermocouple this would lead to an error of less than ±2°C at the highest temperatures and has been neglected. 
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Validation
In order to test the validity of the above method, comparison was made with measurements from a shell boiler. Tests were conducted on a Dennis Baldwin & Sons Ltd, Yorkshireman 2,000 kg/hr F&A100°C three pass wetback shell and tube steam boiler rated at 10.3 bar g fitted with a Dunphy TD35 Hi Lo dual fuel burner. The boiler is referred to subsequently by its serial number YSX2000/15.
Test Method
Thermocouples were placed inside the smokeboxes and reversal cell and were used to measure the gas temperatures at inlet and outlet of the firetubes. They were placed at the entrance and exit to selected tubes, such that they were in the centre of the tube and in the same plane as the tube plate outer face. The boiler was started and run up to pressure. Steam was then vented to atmosphere at a steady rate such that the burner held its firing position at the desired boiler pressure. The firing rates reflect the set up of the burner at commissioning. Once steady state had been achieved, the data collection was started. The tests were run for ½ to 1 hour. The thermocouples were moved from tube to tube between each set of tests so that the gas temperatures at the tube plates were mapped and then averaged.
Results
The measured average temperatures, compensated for radiation losses at entry and exit to the tube plates are stated in Table 5 . The temperatures (high fire) at inlet to the tubes in the reversal cell are lower than the design temperatures of 980°C and 1,017°C, for natural gas and diesel oil respectively, corrected to the actual fuel input, calculated in accordance with BS EN 12953-1:2002 Section 6.1 (c) (13) . The measured temperatures were compensated for radiation losses using the experimentally derived calculation method, described above. The calculated increases in temperature for natural gas and diesel oil at high fire were 99°C and 116°C respectively. Roderick et al. (2) undertook a series of measurements of gas temperatures at the tube plates of a coal fired economic boiler. For these measurements they used a suction pyrometer and commented that in the temperature range that they were working in 1,600-1,800°F (870-980°C), the difference between "no suction" and "full suction" was approximately 200°F (111°C). The closeness of the results of the two methods indicates that there can be reasonable confidence in the compensation method used. The measured exhaust temperatures M A N U S C R I P T
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9-14 also agree well with the predicted temperatures calculated by Dennis Baldwin and Sons Ltd (14) for the actual conditions. The greatest difference being less than 12°C. The heat transfer rates were calculated in accordance with Equations 4, 5 & 6. The value of the specific heat capacity was determined using the gas composition with the values for the individual components taken from Rogers and Mayhew (15) . With the exception of the exhaust temperatures, all the temperatures stated in Table 5 have been compensated for radiation losses using the method previously described. The exhaust temperatures are stated "as measured" as this location was considered to approximate to isothermal conditions.
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10-14 Table 6 presents heat transfer data for 0.0443m bore tubes. The overall heat transfer coefficient was calculated between the saturation temperature of the water in the boiler and the mean gas temperature calculated as the sum of the saturation temperature plus the log mean temperature difference. Roderick et al. (2) calculated the overall heat transfer coefficient in the same fashion. Roderick et al. (2) proposed that the overall heat transfer coefficient could be predicted using Equation 7 where the constant a has the value 0.022 with a 95% confidence limit of 0.002 based on 67 experimental runs with three different tube diameters. The values for the current work fall within these limits. Comparing the values of the gas side and overall heat transfer rates, it can be seen that the gas side coefficients derived from the Dittus-Boelter expression are within 10% of the experimental, overall heat transfer coefficient values. Holman (16) states that the Dittus Boelter approximation usually agrees with actual data to within ±25%. 
Discussion
This paper results from rigorous experimentation with data from well developed equipment. However, it is recognised that assumptions have had to be made, on which the outcome of the investigation depended. Of these, possibly the most important being the use of empirical correlations. While these have been employed widely over many years, in some cases, it is recognised that they are empirical and that their accuracy is limited. Blevins and Pitts (17) ascribe an uncertainty of ±25% to Nusselt numbers derived using Whitaker's (11) approximation. That said this additional uncertainty is less than 1% of the calculated true gas temperature in the current work. A further assumption was the emissivity of the unsheathed thermocouple, (0.8); this is an assumed value. The actual emissivity at high temperature will be different from that at ambient temperature and moreover will progressively change with temperature. Whilst the uncertainty resulting from a lack of knowledge of the actual emissivity is small, determination of it would improve the accuracy of the results. As the emissivity of the thermocouples also changes over time due to oxidation and fouling when used in the rig, the emissivity would need to be determined immediately prior to the calibration exercise. The ratio of the emissivity to the local heat transfer coefficient over the sheathed thermocouple was used to determine the effect of the variation in the mass flow rate on the radiation losses which occurred during the experimental programme. Knowledge of the absolute values for the emissivity and local heat transfer coefficient were not required since it was the ratio of the two that was under consideration. For this reason it was possible to use a notional value of the emissivity to demonstrate the effect of the change in mass flow rate and gas inlet temperature. The thermocouples used were Class 2; these have an uncertainty of ±0.75% within the temperature range experienced. The use of Class 1 thermocouples would have reduced this to ±0.4%. A further method of improving the accuracy of the calibration would be to employ McAdam's (5) extrapolation to zero method and perform three or more experimental runs with different sized thermocouples. However the length of time required for each run (>4 hours) makes this difficult to achieve in practice: the rig would have had to be shut down overnight, and the burner settings would have to have been changed in order to re-light it. Whilst it would have been preferable to have mounted the sheathed and the unsheathed thermocouples together in the same test run, this was not possible due to the design of the thermocouple mounts. Moreover this was considered undesirable due to the size of the thermocouple bodies (3 mm) relative to the tube bore (44.3 mm). To have changed the thermocouple mounts and fitted both thermocouples at the same time, for the calibration exercise, might have altered the thermal or fluid dynamic conditions. That said the development of a sheathed thermocouple with more than one sensing element is possible and would be of benefit. However, since it is the sheath which radiates heat, the thermocouples would need to be separately sheathed. The positioning of the thermocouples is crucial in order to obtain accurate measurements. If the thermocouple is positioned away from the centre of the tube it will sense a lower temperature. The experimental exercise was performed after a series of modifications to the thermocouple mounting to ensure that the thermocouple was correctly positioned in the flow.
Conclusions
For thermocouples in a high temperature gas flow through a cooled tube, significant radiation losses (>10%) have been demonstrated in both a test rig and a shell boiler. A method of M A N U S C R I P T
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12-14 determining these losses has been proposed and validated using experimental data. This is further confirmed using comparable data taken from the scientific literature. Sources of error and methods for its attenuation have been discussed. Although the detail of this paper is specific to the conditions under consideration, the authors are confident that the methodology employed is applicable to other situations, in particular the approach taken to estimate the variation in radiation losses due to changes in the local Reynolds number over the sheathed thermocouple.
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